The evolution of a chemical reaction on a droplet was studied by letting a drop containing the pH indicator bromothymol
INTRODUCTION
An important task in characterizing a chemical reaction is to determine its kinetic constant or those for the elementary reaction steps involved. Many steps have been undertaken to develop methods for investigating the kinetics of fast chemical reactions, such as rapid-flow (Chance, 1940) or relaxation methods (Eigen and De Maeyer, 1963) . Recent developments in laser applications make it possible to measure reactions in the femtosecond range or even faster (Connelly et al., 1997) . If the reaction does not take place under uniform condition, but spatial degrees of freedom play a role, one has to employ spatially resolved methods of observation and look for ways to realize a sufficient temporal resolution as well.
Nonuniform reactions may occur, when they are coupled with spatial transport processes (Kapral and Showalter, 1995) . Well-known examples are reaction-diffusion systems in which propagating waves (Ross et al., 1988) , stationary Turing patterns (Ouyang and Swinney, 1991) , or more complex structures readily occur (Vanag and Epstein, 2003) . If differences of density between reaction partners are involved, one can witness the occurrence of spatial patterns such as fingering during the propagation of an autocatalytic front (Böckmann and Müller, 2000; Horváth et al., 2002; Sebestikova et al., 2007) . Boundaries or interfaces between miscible and immiscible reactive solutions may produce intricate spatial structures due to interfacial forces (Marangoni convection) (Shi and Eckert, 2006; Rongy et al., 2008) . This last patterning process has been followed quite extensively in the recent literature (Almarcha et al., 2010a (Almarcha et al., , 2010b .
For our study of a chemical reaction under clearly nonuniform conditions, we chose a droplet falling into a solution containing a reactive counterpart. Both diffusion of the reactants and convective effects due to interfacial tension should determine the chemical and hydrodynamical processes caused by the falling drop. At the start of the reaction, the timing of a droplet entering into a solution containing reaction partners was considered with respect to the question of where, exactly, the reaction would start. In order to obtain a high temporal resolution of the phenomena to occur, we chose an ultra-high-speed camera for recording, providing an efficient tool for observing fast processes as they occur in the selected reactive system.
In previous work the authors (Tsuji and Müller, 2012) have already reported some studies on a very early stage of a chemical reaction with the goal to elucidate where, when, and how the reaction starts and develops further. Since in these experiments a droplet enters the liquid in the direct vicinity of the meniscus, the authors could not exclude the optical disturbances due to the meniscus. In this paper the development of the reaction is compared for the case of using a larger square cuvette, where the meniscus is far from the impact location of the droplet. Also, another important parameter, the initial "height" of the drop, is varied to study to which extent the height affects the development of the chemical reaction. Further on, we discuss which roles the pH indicator involved in our chosen reaction plays in the later phase up to 50 ms, in light of a direct comparison to studies of drop dynamics without an indicator (Hobbs and Kezweeny, 1967; Harlow and Shannon, 1967; Cai, 1989; Prosperetti and Oguz, 1993; Rein, 1996; Manzello and Yang, 2002; Couder et al., 2005) .
EXPERIMENTAL
The experimental setup is shown in Fig. 1 . A standard fluorescence cuvette of 1-cm optical path length was filled with 0.1 M NaOH or distilled water. The tip of a pipette was positioned 7 cm above the surface of the liquid in the cuvette. For assessing the influence of geometric parameters, a larger square cuvette of 2.5-cm optical path was used and the height of the pipette was varied from 3 cm to 18 cm. The cuvette was illuminated with a 150-W halogen lamp both from the back and the front through optical fibers. For the case of the 1-cm cuvette, a sheet of white paper was attached to its back side in order to get homogeneous illumination, and horizontal and vertical lines were drawn on it for orientation purposes. An ultra-high-speed camera HPV-2 (Shimadzu Corp., Japan) was placed in front of the cuvette. With an appropriate zoom lens we could take images of up to 10 × magnification. The spatial resolution of
the camera was 312 (horizontal) × 260 (vertical) pixels. The dynamic range was 10 bit (monochrom). The recording speed was varied up to 1 × 10 6 frames/s, and 100 frames were taken successively. The camera was triggered by a TTL signal which was caused by an optical sensor at the moment when the drop passed across a He-Ne laser beam (638 nm).
A solution for the droplets was prepared from 0.1 mg bromothymol blue (Sigma-Aldrich, Germany) dissolved in 20 mL ethanol, followed by adding distilled water, such that the whole volume amounted to 100 mL. The bromothymol blue concentration was 1.6 × 10 −3 M. The color of this solution was yellow. 0.1 M NaOH solution was purchased from Bernd Kraft GmbH, Germany.
The pK value of bromothymol blue is 7.0: when the pH of the solution is higher than 7.0, the color changes from yellow to dark blue. Since the camera is monochrome, in the images the color change resulted as differences in gray level.
RESULTS
Since the dynamic evolution of chemical and physical properties of the falling droplet is dominated by rather different mechanisms in the beginning of the experiment (during the first few milliseconds) and after a time interval of the order of 5 ms, we will divide the following results accordingly into two sections. Figure 2 shows the initial behavior of the droplet and its color change in two experimental situations, both up to 2.5 ms after the droplet has touched the surface; the cuvette contains a 0.
Early Phase
The square cuvette has, in this case, an optical length of 1 cm, and the initial height of the droplet is 7 cm. Note that in the images the color change resulted in differences of gray level; the gray parts (darker than background) and black parts correspond to the original yellow color and dark-blue color after the reaction, respectively. When a drop enters the NaOH solution, the color change was detected after 1 ms as a thin line just below the meniscus [ Fig. 2 . Remarkably, at the instant shown in Fig. 3 (a) at the front of the band, formed small fingers at t ≈ 1.5 ms. The color of the hemispherical volume under the equatorial band remained yellow. In addition, we observed that the droplet was changing its shape from a sphere to a flat spheroid while entering the solution.
Similar to the case when the droplet entered the NaOH solution [Figs. 2(a)-2(d)], the droplet was changing its shape from a sphere to a flat spheroid, when the cuvette was filled with distilled water [Figs. 2(e)-2(h)]. However, in this case the color of the bromothymol blue droplet remained yellow the whole time, as to be expected. No yellow fingers were detected. Note that the evolution of events is somewhat faster than that in the NaOH solution. Subsequently, the formation of a cavity was observed [see Fig. 2(h) ], an event which is described below in Sec. 3.2 on the later phase.
These experiments were repeated in a 2.5-cm square cuvette, which has the advantage that the disturbing pronounced curvature of the meniscus is reduced to almost zero [compare Fig. 3(b) to Fig. 3(a) ]. Our findings in the larger cuvette were, in principle, the same. In particular, the dark-blue band appeared around the same time as in the 1-cm cuvette. The emergence of the small fingers, however, could not be clearly seen, mainly because of the large optical depth of the cuvette, rendering blurred images [see images (a) and (b) of Fig. 3 ].
An instructive way to visualize the shape changes of the falling droplet is demonstrated in Fig. 4 . It shows a temporal sequence of images taken from above the surface and from below, while the droplet touches the surface and then "disappears" in the solution. Here we used the large cuvette (2.5 × 2.5 cm). From earlier experience, differences of drop dynamics compared to using the 1-cm cuvette can be assumed to be small. The sequence from above [Fig. 4(a) ] shows the disappearance of the drop, until only a ring of surface disturbance is left (image at 2.5 ms). Looked at from below [ Fig. 4(b) ], the penetration of the drop into the solution can be followed. From the beginning the drop attains an oval shape. Around 1.25 ms (and not earlier) there are indications of further lateral spreading, and the blue color of the pH indicator in the upper portion of the submerged drop can be detected. Additionally, one sees a "shadow" of the ring-shaped surface distortion. Compare the last images of sequences (a) and . The vertical and horizontal lines in the background are drawn on a sheet of white paper attached to the back side of the cuvette for orientation purposes. The arc in the upper part of the images is a projection of the meniscus. Scale bar 2 mm; 1-cm square cuvette; initial height of drop 7 cm; camera speed 8000 frames/s.
FIG. 3:
Enlarged images of a droplet entering a 0.1 M NaOH solution: (a) size of the cuvette 1 × 1 cm 2 , (b) 2.5 × 2.5 cm 2 ; time (a) 1.5 and (b) 2.0 ms. Scale bar 2 mm; initial height of drop 7 cm; camera speed 4000 frames/s.
FIG. 4:
Images of the bromothymol blue droplet entering a 0.1 M NaOH solution observed from above (a) and from below (b) the surface. Scale bar 2 mm: 2.5-cm square cuvette; initial height of drop 7 cm; camera speed 32,000 frames/s.
(b). These two last images, taken at 2.5 ms, also serve as a bridge from the early to the late phase, which is presented in the following.
Later Phase
As in the previous paragraph, we compare in Fig. 5 the droplet dynamics in two different liquids, namely, 0.1 M NaOH and pure water, this time from 5 ms up to 43 ms. When a droplet was falling into NaOH solution, at t = 5 ms a cavity was formed [image (a)], and the liquid of the droplet was pushed outward, spreading to some extent around the cavity. The blue liquid curls up, starting to form an upside-down mushroom [Fig. 5(b) ]. Note that the color of the liquid at the base of the cavity remained yellow still [gray in image (a)]. After 8 ms the yellow section had significantly decreased in time. Subsequently, it became dark blue, and turbulent structures with flares pointing upward to the surface appeared [ Fig. 5(c) ]. We were not able to detect whether the flares formed mainly inside or outside the cavity. These turbulent structures were much larger than the fingers observed in the time range of 1-3 ms [ Fig. 3(a) ]. Subsequently, those parts of the solution containing the bromothymol were displaced underneath the craterlike cavity, forming a treelike structure [Figs. 5(d) and 5(e)], and after 40 ms, the emergence of an upward-oriented ejection at the center of the crater was observed [ Fig. 5(e) ].
When a droplet falls into distilled water, again one observes a similar scenario as in the case with solution of NaOH, but the evolution of events is somewhat faster. At times between 5 and 8 ms an upside-down mushroom was observed, and the liquid of the droplet at the edge of the mushroom started curling up [see faint traces in Figs. 5(f) and 5(g)]. We could not clearly distinguish flare formation around this time. Due to the weak color contrast, it is difficult to decide whether flares exist or not. A faint treelike shape and an upward-oriented ejection can be observed at 33 ms [ Fig. 5(i) ]. These occurred slightly earlier than in the case of the NaOH solution. The reason for this temporal difference may lie in differences of density or the viscosity between distilled water and the NaOH solution. For the NaOH solution of 0.5% w/w (=0.125 M) at 20
• C, the relative density to water is 1.0039 and the relative viscosity to water is 1.025 (Weast and Astle, 1980) . Different from the early evolution, the later phase is affected strongly by the size of the cuvette, as well as the height of the pipette. For larger square size (2.5-cm cuvette) the spreading of the drop at the surface is more pronounced. Correspondingly, the drop penetrates less far into the liquid. This can be seen in Fig. 6 when comparing the graphs labeled L-horizontal (for the large cuvette) and S-horizontal (for the small cuvette), both showing the extent of drop spreading as a function of time. After 10 ms the drop spreading starts to saturate at a value of roughly 8.2 mm in the 1-cm cuvette, whereas in the large one it proceeds. For the drop penetration, on the other hand, L-vertical (for the large cuvette) is always smaller than S-vertical (for the small cuvette, see corresponding curves in Fig. 6 ).
Note that the black distorted curves at the tail of the drop in Figs. 5(c)-5(e) and 5(g)-5(j) stem from the vertical lines drawn on the sheet of white paper attached to the back side of the cuvette for orientation purposes.
We also considered the structures at the bottom of the craterlike cavity by comparing their formation in the cuvettes of different sizes. According to the two images shown in Fig. 7 , taken at 35 ms, there are treelike branched splashes in both cases. However, we find for the large cuvette a much looser pattern than for the small one, which is an indication of a higher efficiency of spreading processes inside the solution.
Finally, influences due to a change of height of the initial location of the droplet were investigated. While up to 3 ms only minor changes can be detected, we present in Fig. 8 more significant effects occurring for times larger than 5 ms. With increasing height both the spatial extent of the drop spreading and the depth of penetration become larger.
FIG. 6:
Comparison of horizontal and vertical extents of the droplet entering a 0.1 M NaOH solution in the small [S] (1 × 1 cm 2 ) and the large [L] (2.5 × 2.5 cm 2 ) cuvette.
FIG. 7:
Comparison of dynamical structures evolving at t = 35 ms: (a) 1 × 1 cm 2 cuvette, (b) 2.5 × 2.5 cm 2 cuvette. Initial height of droplet 7 cm; scale bar 2 mm; camera speed 1000 frames/s. A more detailed look at the images reveals that at 15 ms a distinct ring surrounding the cavity appears approximately 2 mm below the surface for the height of 3 cm [ Fig. 8(a) ]. It remains almost unchanged up to 30 ms. For the height of 7 cm the same type of ring forms, but less clearly than in the previous case. This structural detail starts to decompose at around 25 ms, evolving into a treelike pattern, as already shown in Fig. 7(b) . For the largest height (18 cm) the ring structure is only faintly detectable at 15 ms. In the last image taken at 40 ms, a jet is propelled upward, emerging from the bottom of the craterlike cavity. Note that shortly before, there is a transition from a trough with a nearly flat bottom to a funnel-like trough with many small fingers at its lowest part. Furthermore, it is interesting to compare image sequences (b) and (c) at 40 ms; it appears that the patterns are nearly symmetrical with respect to a rotation of 180 degrees.
FIG. 8:
Comparison of behavior of a drop falling from three different heights above the solution surface: (a) 3 cm, (b) 7 cm, and (c) 18 cm cuvette size 2.5 × 2.5 cm 2 ; scale bar 5 mm; camera speed 1000 frames/s.
DISCUSSION
Properties and dynamic behavior of a drop falling into a liquid, with and without chemical reaction, have been investigated. In the presentation of our results obtained with an ultra-high-speed camera, a division is made between an early phase (up to 3.0 ms after the drop impacts on the solution surface) and a later phase (from 3 ms to about 50 ms). It turns out that this division of time scales also reveals that during the first milliseconds effects promoted by the chemical reaction dominate, which occurs on or close to the interface between falling droplet and the surrounding reactive solution. In the later course of time the dynamics of the drop itself (i.e., with or without chemical reaction) takes over and scenarios are observed which resemble those that have been reported in a hydrodynamic context (Hobbs and Kezweeny, 1967; Harlow and Shannon, 1967; Cai, 1989; Prosperetti and Oguz, 1993) . Here the reaction assumes, to a large extent, the role of a (convenient) color indicator, visualizing many details of drop shape and dynamics, some of which may not have been observed in detail yet. There also are aspects showing that the indicator is actively involved in the ongoing scenario. We now consider various aspects of the drop evolution during the first milliseconds, mostly on phenomenological grounds, as done in part in a previous work (Tsuji and Müller, 2012) . Here, we found two interesting phenomena [see Figs. 2(b) and 2(c)]: first, the color change starts at the equatorial line below the meniscus and not at the advancing edge, where the droplet touches the liquid at first; second, fingers are formed after a short time interval of 1.5 ms.
Generally, a chemical reaction occurs in the area where the reactants approach each other within the distance of interaction. In our case, the reaction should take place close to the surface of the droplet where it touches the liquid containing its chemical counterpart. In aqueous medium the diffusion length of small molecules considered for a time of 1 ms is 1 µm (Weast and Astle, 1980) . This means that in the time interval of 1 ms the reaction takes place in a sheet of only 1 µm thickness adjacent to the interface. The color change in such a thin layer cannot be detected even with a very sensitive spectrophotometer. Therefore what we observe cannot be a diffusion-limited process.
Since the bromothymol blue droplet changes its form from a sphere to a flat spheroid when it invades the liquid medium, the velocity of the interface between the droplet and NaOH solution (pure water, respectively) in the vertical direction is different from that in the horizontal direction. The horizontal velocity is, at the beginning, about 15 times higher than the vertical one [see Fig. 4 in Tsuji and Müller (2012) ]. For the reactive case, bromothymol blue molecules and OH − ions are expected to interact more frequently along the horizontal direction, and therefore the chemical reaction occurs most often in this region, resulting in the observed equatorial line [see Fig. 2(c) ].
We note here that there is a general principle describing the important effects of curvature for propagating fronts. For instance, in autocatalytic reactions (Foerster et al., 1988) , it states that locations with high curvature tend to propagate slower than those with reduced curvature. Considering the high curvature at the circumference of the droplet, it is likely that the reaction velocity depends on the local curvature in that the reaction proceeds favorably in this area, since reactive counterparts are going to interact there more often than at other places of the droplet.
At time t ≈ 1.5 ms, the formation of small fingers is detected indicating a front instability, as known from various experiments on propagating chemical fronts due to reaction-diffusion coupling (Böckmann and Müller, 2000) . One can easily calculate that the formation of such fingers would occur, for a reaction-diffusion mechanism, on a time scale of 100 s. Therefore it can be ruled out that the fingers would form due to diffusion at such short time scales. The fact that the observed fingers form much faster (time scale of milliseconds) points to heat conduction as the responsible transport process (Weast and Astle, 1980) . This is corroborated by the exothermicity of the considered reaction (Lambert and Gillespie, 1931) .
Turning to our findings for the later phase (after 3 ms), many of our observations are consistent with those of other authors (Hobbs and Kezweeny, 1967; Harlow and Shannon, 1967; Cai, 1989; Prosperetti and Oguz, 1993) . The use of a chemical reaction, however, leads to the discovery of some details of the drop dynamics which may not have been observed before: for instance, the ring-shaped distortion of the drop in Fig. 8(a) at 15 ms, the flares depicted in Fig. 5(c) , or the small needles in Fig. 8(c) at 30 ms [to be compared with results in Cai (1989) ]. The drop maintains its oblate shape and is not yet dispersed in the reactive medium until about 8 ms.
We now refer to the observation that apparently almost the entire droplet remains contained for a significant time (at least for up to 5 ms) in a confined volume, before it is dispersed into the surrounding liquid [see Fig. 5(a) ]. Let us calculate the volume of that (lower) portion of the droplet which does not undergo a color change. This volume before entering the medium, V 0 , is determined as that of a sphere with radius r = 1.59 mm: V 0 = 16.8 mm 3 . The droplet volume in the medium, V 1 [ Fig. 2(c) ], at t = 1.5 ms is estimated as that of half an oblate ellipsoid with half-axes a = b = 2.52 mm and c = 1.22 mm: V 1 = (4/3) πabc/2 = 16.2 mm 3 . At t = 5 ms the volume of the lower portion of the bromothymol droplet of still yellow color, V 2 [ Fig. 5(a) ], is estimated as the volume difference between two oblate half-ellipsoids (half-axes of the larger ellipsoid a 1 = b 1 = 3.28 mm, c 1 = 3.11 mm, of the smaller ellipsoid a 2 = b 2 = 3.28 mm, c 2 = 2.37 mm): V 2 = 16.7 mm 3 . If the error of the spatial resolution is one or two pixels, the corresponding error of the volumes is 0.6 or 1.0 mm 3 , respectively. Taking these errors into account, a comparison of V 0 and V 1 with V 2 indicates that until 5 ms most of the liquid of the droplet has maintained its integrity. This means that up to this time most of the indicator solution does not get into contact with the surrounding medium. Consequently, there is no opportunity for a reaction to occur. It appears that the dark area of the droplet [see Fig. 5(a) ] spreads over the inner surface of the cavity without significantly promoting the chemical reaction. We emphasize that observations of this kind are strongly facilitated by using a chemical indicator.
The Weber number of the bromothymol blue droplet is calculated to be 41 for the drop falling from 7 cm height (with density 958 kg/m 3 , drop diameter 1.5 × 10 −3 m, velocity of the droplet at the surface of the NaOH solution 1.2 m/s; surface tension about 5 × 10 −2 N/m, estimated from the value for a 20% ethanol solution). This value is well below the value for splashing of the drop upon impact, as reported by Rein (1996) and Manzello and Yang (2002) . This supports our experimental finding in which the droplet, falling from 7 cm height, remains cohesive until 5 ms after impact.
CONCLUSIONS
With help of a high-speed camera, long image sequences of a chemically reactive falling drop could be obtained with high temporal resolution (up to 32,000 frames per second). For the sake of comparison, a nonreactive drop (distilled water) was recorded under identical conditions. Considering the details observed on the reaction (which induces a color change due to a redox transition) and on the dynamical evolution of the droplet one can suggest that there is an early phase dominated by reactive processes occurring on or in the immediate neighborhood of the drop surface (first 3 ms). It follows a later phase mainly characterized by cavity formation and its pronounced changes of shape, indicating that there is hydrodynamic flux influencing the drop itself as well as the liquid surrounding it. In particular, one observes the formation of flares as an initial step for further developing turbulent structures, in the case only where the indicator is actively involved. While the scenarios observed during this phase (up to 50 ms) are similar to those known from nonreactive drops (Hobbs and Kezweeny, 1967; Harlow and Shannon, 1967; Cai, 1989; Prosperetti and Oguz, 1993) , the color change due to the reaction renders some structural details more clearly, and it cannot be excluded that the ongoing reaction itself has some influence on the drop dynamics.
In summarizing our experimental findings we formulate three remarks:
-First, we state that for analyzing the very early steps of a chemical reaction the chosen experimental setup proves to be useful, because initial time and location are easily and precisely defined. If, in addition, a fast recording device (our ultra-high-speed camera) is employed, one is able to detect details not seen before.
-Second, the use of the indicator solution helps to efficiently detect dynamic details of a drop impact on a solution containing a reactive counterpart. For example, one can visualize which part of the droplet is mixed with a volume of the counterpart, and when.
-Third, as an outlook, the authors think that intricate interactions of physical and chemical processes are involved to form the basis of the overall complex drop dynamics, including the effects of surface tension to be elucidated in future work.
